Abstract. The use of castellated beams has become more popular in the last two decades. The main idea for the use of these types of steel beams is to reduce their self-weight by providing openings in the web of wide flange (WF) or I sections. Numerous research on castellated beams has been conducted, the majority of the studies aimed to optimize the opening size and the shape configuration of the openings. A numerical analysis of castellated beams with oval openings was performed in this study. The sections under investigation had variations in the height-to-length ratios of the beam. The Do to D and b to Do ratios were kept at a constant. The D value was defined as the height of the beam, while Do is the height of the opening, and b is the width of the opening. The numerical analysis was performed by the finite element analysis using the STRAND7 software. The numerical model was further validated to the experimental data. The results showed that the developed finite element model resulted in a very good representation to the actual behavior of the sections.
Introduction
Castellated beam use has shown an increasing pattern worldwide due to its potentials in reducing the self-weight of the member by adjusting the configuration of voids or openings throughout the length of the members. This technique is mostly applied on wide-flange (WF) and I sections in bending. The use of castellated beams has become more popular in the last two decades. The main idea for the use of these types of steel beams is to reduce the self-weight by providing openings in the web of wide flange (WF), or I sections and rearranging the cut section so that it result in an increase of height. The castellated beam's theoretical background lies in the attempt of increasing the profile height of the beam while creating openings in the web of the profile, thus enhancing its moment of inertia, but reducing its self-weight. Modifications applied on the castellated beam have an impact on the failure mode of the structure. The modes of failure that can occur included the formation of a vierendeel mechanism, lateral torsional buckling of the web post, rupture of a welded joint in a web post, lateral torsional buckling of the entire span, formation of a flexure mechanism, and buckling of the web post [1, 2] .
Numerous research on castellated beams has been conducted, the majority of the studies aimed to optimize the opening size and the shape configuration of the openings. Suharjanto [3] conducted a study on the horizontal shear strength of circular castellated beams with and without adding plates. Bedi and Pachpor [4] examined the moment and shear analysis of castellated beams with various openings, i.e., square, hexagonal, and circular. Wakchaure and Sagade [5] undertook numerical studies using the finite element analysis method on hexagonal castellated beams with height variations of the castellated beam. Jamadar and Khumbar [6] carried out a review on the finite element analysis of castellated beams with hexagonal openings, while Jamadar and Khumbar [7] performed a parametric study of castellated beams with circular and diamond openings.
The accomplished studies indicated that the stress concentration occurs in the corners of the openings leading to initial yielding in the section at the hexagonal opening. Continuing research work was focused on the circular openings by adjusting the angular orientation of the openings to minimize the formation of cracks [8] . The modification of these oval openings for castellated beams certainly requires further study on the stress concentration and failure mechanism due to the presence of the openings. It is expected that the development can provide structural optimization for the castellated beams itself. The optimization techniques could be implemented experimentally [9] or by numerical modeling of the specimen. The second option is far less more economical and fast. To ensure that the numerical or finite element model is accurate, a validation process should be performed.
Previous research on oval openings indicate that this form provides a greater load capacity compared to the hexagonal forms [7] . The shape manufacturing of an oval castellated beam can be seen in Fig.1 . 
Experimental programme and results
The experimental tests conducted in the laboratory were utilized to examine the material properties of the steel material used for assembling the beam-sections. The full-scale beam specimens were tested for validation purposes to substantiate the numerical model using the finite element analysis (FEM). 
Steel properties test
As data input for the FEM, it was necessary to perform the tensile tests on the steel material to obtain the values of the elastic modulus (E), Poisson's ratio (υ), yield strength (F y ), and the ultimate strength of the steel (F u ). These tests were conducted at the Materials and Construction Laboratory of Diponegoro University. The steel tensile testing procedure was carried out in accordance with the ASTM E 8M-04 "Standard Test Method for Tension Testing of Metallic Materials." The test samples were taken from the web and flange parts of the WF and I section. For every section, two specimens were prepared. The WF sections were distinguished into two types based on their section dimension, being the WF 200x100 and WF 350x175. The stress-strain behaviors of the specimens in uniaxial tension are shown in Fig. 2 . and Fig. 3 . For analyses purposes, the average was taken and simultaneously presented in the graphs. 
Validation specimen
The specimen used for validation purposes was the castellated beam with oval opening shapes [8] . The specimens under investigation had variations in the height-to-length ratios of the beam. In this study, the Do to D and b to Do ratios were kept at a constant. The D values are designated as the overall height of the beams, while Do is the height of the opening, and b is the width of the opening [8] . Details of the specimen's geometric variations can be seen in Table 1 The beam was configurated as a simply supported element, using a pin and roller on the far ends of the member. The loading chosen was a two-point centralized load, creating a state of pure bending in between the loads. The positions of the two loads were located at a distance of 1/3L from the supports. The test was limited to determine the load capacity and its deflections. The test set-up can be seen in Von Misses failure is one of the criteria used in determining yield criteria on ductile structures. This criterion states that a structure fails when the strain energy in the material exceeds the strain energy value from the tensile test in yield conditions [11] . A Gauss point is considered as failed when the principal stresses exceed the boundaries of the Von Misses envelope. The material is considered isotropic and homogeneous. The meridians are distinguished by compression and tension as can be seen in Fig. 6 . 
Finite element model
The plate element used in this work was a six-node triangular plate element. The elements have quadratic shape functions. The quadratic element has the ability to accommodate curved edges, as a quadratic curve is fitted through the three nodes along the edges. This element type is very suitable for modelling the castellated beam with oval-shaped openings [12, 13] . The mesh size was set at 10 mm to ensure a good meshing and enhance the convergence rate. The finite element model of the castellated beam can be seen in Fig. 7 . 
Test result and numerical model validation
The finite element model of the castellated beam in Fig. 7 . was validated with the loaddisplacement response of the experimentally tested beams [8] . The material properties of the steel determined, based on experimental data, were functioning as input to the model. The load increment was adjusted to increase the loading in the experimental test specimen. During the loading stage of the FE model, a direct iteration technique was used to obtain a convergence state between external and internal forces of the model. The load and displacement data at convergent load levels were recorded. The resulting load-displacement response was plotted against the data obtained from the experimental test results as viewed in Fig. 8 .
In Fig. 8 . the straight line indicates the load-displacement response as predicted by the FEM, whereas the dots represent the experimentally recorded data. The curves showed that the behavior as predicted by the FEM is in good agreement with the load-displacement response generated from the result of the experimental tests [8] . The model gave a good representation for all ratios of D/L and represented the load-displacement path with great accuracy for all section members regardless of the failure behavior. https://doi.org/10.1051/matecconf/201819502008 ICRMCE 2018 Validation was also conducted by observing the predicted deformed shape of the beam. The result of deformation behavior from the FEM was compared to the result of the beam's deformation from the experimental testing ( Fig. 9. and Fig. 10.) . The deformation comparison between the finite element model and the results of experimental tests showed a very close resemblance. The member failed due to local buckling, and the deformation of the web in between the oval openings is clearly seen in the FEM. The horizontal deflections of the top flanges were also detected in the model. A deviation in the bottom flange's behavior between the actual and FEM was detected. While the experimentally tested specimen reflected no vertical deformations, the FEM unmistakably showed a flexural deformation at the bottom flange between the supports. This implies that in the FEM, the web is sufficiently stiff in transferring the stresses from the top flange to the bottom flange before buckling. The process of experimental testing is subjected to a range of factors that could lead to a false data outcome. A method to overcome this problem is to increase the number of specimens in the laboratory so that statistical analysis could be conducted, and the true average representing the outcome of the tests, obtained. A major disadvantage of this approach is that the sequence will generally yield in a lengthy, time-consuming procedure. The cost for multiple conduction tests will also increase significantly due to the number of specimens that have to be prepared and tested.
A method to reduce the time and to save money is by constructing a numerical or finite element model. When a basic model has been developed and validated, this model can further function as a sophisticated tool to analyze the behavior of all typical specimens within the research program. The advantage of such a model is that all stress and strain responses at any place within the specimen could be evaluated with ease. In the case of an experimental test, only places or spots where precision instruments such as strain gauges or LVDTs (linear vertical displacement transducer) are placed could be observed and evaluated. The risk of malfunction of the precision instrument or deviation in predicted yield points makes the readings even more difficult. An FEM is, therefore, the chosen tool for in-depth analyses.
To ensure that the model is valid, the responses should be compared to actual, laboratory tested members. These members should have the same dimensions and material properties as the FEM or numerical model. To provide the material data, the material needs to be tested, and all basic information such as the stress-strain behavior should be implemented into the model. The most straightforward validation method is to compare the load-displacement response of the specimen to the predicted load-displacement response resulted from the FEM.
Conclusions
The performed validation procedure to the load-displacement response of the Castellated steel beam, as well as the visual evaluation of the failure mechanism, showed that the constructed FEM could properly represent the specimen. The FEM predicts the loaddisplacement response and deformation behavior of the Castellated beam accurately, and in great detail. The post-peak, as well as the progress of the non-linear stiffness behavior, was very closely foreseen by the FEM as shown by the comparison of results in the loaddisplacement curves.
A deviation between the FEM and the experimentally tested specimen was distinguished at the bottom flange. The cause of this deviation probably originates from imperfections of the welding between the web sections during fabrication. The cutting and welding of the assembled section resulted in a less stiff web. In the FEM, a perfectly straight and homogeneously solid web was assumed. This hypothesis allowed the stresses from the top flanges to reach the bottom flange, before buckling of the web between the oval openings took place. Due to the imperfections, the buckling of the web occurred prior to the stress flow reaching the bottom part of the beam. The ultimate load carrying capacity however, remained unchanged since the member failed due to local buckling for both the FEM and the experimentally tested section.
This highlights the importance of finite element analyses in complimenting a research work into the behavior of structural elements. A FEM model could easily be modified based on the observation of the laboratory tested specimens. Adjustments to the model could then be applied, and the result of these modifications compared to the actual behavior. At further stages, this FEM will function to optimize the opening's configuration, size and distance as well as be used to evaluate the principal stress flow and strain responses at every loading stage. The model will also be used to evaluate stress concentrations in the web.
